Introduction
Trade wind cumulus clouds are often distributed randomly in space, but they can also occur as cloud streets, clusters or mesoscale arcs (Malkus and Riehl, 1964; Nair et al., 1998) . The formation of lines and streets is fairly well understood and dominated by boundary layer vortices which are caused by both dynamic and thermal instabilities Müller and Chlond, 1996) . But although observed during GATE 1 and documented by Warner et al. (1979) the mesoscale arcs have received very limited attention as a mode of organization for shallow convection. This only changed recently with the Rain in Cumulus over the Ocean (RICO, Rauber et al., 2007) experiment, which documented that local rain rates exceeding 1 mm h −1 are not unfrequent in the trades and are often associated with arc-shaped cloud clusters (Rauber et al., 2007; Snodgrass et al., 2009; Minor et al., 2011; Zuidema et al., 2012) . Such local rain rates are radar-derived rain rates on the scale of an individual radar pixel, i.e., 1 km 2 or below. Corresponding area-averaged rain rates on scales of several tens of kilometers are of order 1 mm d −1 .
During the last decades many hypotheses have been brought forward to explain why shallow cumulus clouds cluster in groups or clumps. Early on, Malkus (1957) argued for the importance of sea surface temperature (SST) anomalies, something which has recently been brought forward again for tropical rainfall patterns by Li and Carbone (2012) . Another important conceptual idea to explain clustering is pre-conditioning, i.e. moistening of the cloud layer by detrainment (Randall and Huffman, 1980; Kuang and Bretherton, 2006) . This mechanism, which is sometimes called the mutual protection hypothesis, assumes that clouds modify their local environment in such a way that the conditions are favorable for the subsequent formation of secondary clouds. Observations from GATE and RICO, on the other hand, provide some evidence that the formation of cold pools by precipitation plays a major role in the formation of mesoscale arcs (Warner et al., 1979; Zuidema et al., 2012) .
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Similar questions about the feedbacks 2 which lead to the organization of clouds in bigger clusters have been discussed quite extensively for deep convection, especially for radiative-convective equilibrium simulations. For this cloud regime different mechanisms seem to contribute to the clustering or self-aggregation, e.g. cold pools (Tompkins, 2001; as well as surface flux and radiative feedbacks Muller and Held, 2012) . The effect of precipitation on the formation of downdrafts and cold pools is, of course, most well established for mesoscale deep convective systems for which details can be found in standard textbooks on cloud dynamics (e.g. . For deep convective squall lines RKW theory (Rotunno et al., 1988) provides a framework to explain the formation, longevity and propagation of such systems.
In the following we present large-eddy simulations of organized precipitating trade wind cumulus clouds (Sect. 2) and we analyze and quantify their organization (Sect. 3). In Sect. 4 the potential feedbacks leading to organization are disentangled and we discuss the structure of the cloud field and the coupling with the sub-cloud layer (Sect. 4). The sensitivities to grid spacing and cloud microphysical assumptions are discussed in Sect. 5, and the paper ends with conclusions and an outlook for future research (Sect. 6).
Large-eddy simulation
Model and case description
In this study we apply the University of California, Los Angeles large-eddy simulation (UCLA-LES) model which solves the Ogura-Phillips anelastic equations (Stevens et al., 1999 . The prognostic variables are the three components of the velocity, i.e. u, v, w, the total water mixing ratio r t , the liquid water potential temperature θ l as well as the number and mass mixing ratios of rainwater. The most recent version of UCLA-LES uses a third-order Runge-Kutta time integration instead of second-order Leapfrog (Stevens, 2010) . The advection of scalars is discretized by a higherorder upwind scheme with monotonized centered slope limiters while 4th-order centered differences are applied for the velocity components. Subgrid fluxes are modeled using the Smagorinsky-Lilly model. Following Savic-Jovcic and the cloud microphysical processes are parameterized in UCLA-LES based on the two-moment warm rain scheme of Seifert and Beheng (2001) with some refinements described in detail in Stevens and Seifert (2008, SS08 hereafter) . The SS08 implementation assumes a constant cloud droplet number concentration (which is set to 70 cm −3 if not mentioned otherwise), i.e., the two-moment approach is only applied for rain, not for cloud droplets. Condensation is treated by a saturation adjustment which is consistent with the use of the r t and θ l as prognostic variables. The evaporation of raindrops is parameterized using a standard bulk approach with an exponential drop distribution and the assumption that the mean diameter is constant for this process, i.e., the more sophisticated scheme of Seifert (2008) is not applied here.
Our simulation setup follows the GEWEX Cloud System Study (GCSS) RICO model intercomparison case of van Zanten et al. (2011) which is a composite case based on several days during an undisturbed period of the RICO field study. Following SS08 we use the standard setup as described by van Zanten et al. (2011) as well as a slightly moister version which differs only in the initial profile of the water vapor mixing ratio (later on addressed as standard and moist RICO). The moister initial condition leads to a faster development of precipitating shallow convection and higher rain rates of roughly 1 mm d −1 compared to the drier case which rains only marginally, i.e, of order 0.1 mm d −1 . This allows us to study these two different regimes using very similar model configurations.
A benchmark simulation
In SS08 the moist RICO simulations used a horizontal grid spacing of x = 100 m and a domain size of 128 × 128 grid points, i.e. 12.8 km × 12.8 km (following the computational setup of the GCSS intercomparison). Such a small domain can support only one significant rain event or cloud cluster of precipitating shallow convection at a time, making the precipitation statistics very intermittent. Such a small domain does also not allow for mesoscale organization. As discussed by Matheou et al. (2011) large-eddy simulations of precipitating shallow convection can, in addition, show a strong sensitivity to grid spacing, which makes it questionable whether x = 100 m is sufficient for a quantitative simulation of the precipitation amount and subsequent effects of precipitation on the statistics of the flow field. We have therefore performed a benchmark simulation of the moist RICO case with an isotropic grid spacing of x = y = z = 25 m on a 2048 × 2048 × 160 grid, i.e. a domain of 50 km × 50 km × 4 km. This simulation is only slightly coarser than high-resolution simulations of Matheou et al. (2011) who used x = 20 m but the present domain is considerably (more than 4 times) larger. Their simulations of the standard RICO case already suggested the emergence of cloud organization on such scales (cf. their Fig. 9g ), but were still not able to show mesoscale patterns that would resemble observed organized cloud fields. Figure 1 gives an example of the evolution of the cloud field in our benchmark simulation. Shown is the synthetic cloud albedo
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is an estimate of optical depth (Zhang et al., 2005) , N c the (prescribed) cloud droplet number mixing ratio and CWP the cloud liquid water path. Qualitatively these simulated cloud fields compare very well with satellite images, e.g. Fig. 16c of Snodgrass et al. (2009) . A movie of the synthetic cloud albedo which is provided as Supplement 3 provides additional evidence that the simulation is able to reproduce many typical features of organized trade wind cumulus cloud fields, e.g. the mesoscale arcs oriented perpendicular to the mean wind, small clouds which are organized in along-wind rolls and convective outflowforming stratiform cloud areas.
In the following sections the main features and possible causes of the organization are discussed in more detail.
Diagnostics of cloud organization
One difficulty in studying organization of cloud fields (or any other objects) is the quantification of organization itself. Although the human eye is very efficient in recognizing spatial structures and patterns it can also easily be fooled to see organization in random fields. It is therefore crucial to objectively quantify the mode and evolution of organization. In the following we will present some standard diagnostics of the simulations together with more sophisticated techniques that measure the degree of organization. In this section we focus on three simulations, the benchmark simulation of the moist RICO case and two simulations of the standard and the moist case on a slightly smaller domain of 1024 × 1024 × 160 grid points, i.e. 25 km × 25 km × 4 km.
Time series, profiles and Hovmöller diagrams
The RICO simulations are a representation of trade wind cumulus clouds as they develop in sub-tropical regions dominated by large-scale subsidence. After a short spin-up of 2 h simulation time, the cloud cover reaches about 15 % with a corresponding domain-averaged cloud liquid water path of 10 g m −2 (see Fig. 2 ). In the standard setup the cloud layer grows slowly with time, reaching 20 % cloud cover and a domain-averaged liquid water path of 30 g m −2 after 40 h. Precipitation in the standard case is marginal in the first 20 h and increases slowly thereafter. The two simulations of the moist RICO case show a more rapid increase in cloud cover and cloud liquid water path, especially between 10 h and 16 h of the simulations. The domain-averaged cloud liquid water path reaches peak values of about 60 g m −2 during that time. Precipitation starts much earlier than in the standard RICO case and increases strongly in the first 20 h, reaching values of 50-100 W m −2 or 2-3 mm d −1 . An interesting feature of the simulations of the moist case is the sig-3 Due to the file size limitations for the Supplement the movies have a reduced time span and reduced video quality. The full movies in high quality are available from the authors.
A. Seifert and T. Heus: Large-eddy simulation of organized trade wind cumulus clouds 3 arcs oriented perpendicular to the mean wind, small clouds which are organized in along-wind rolls and convective outflow forming stratiform cloud areas. In the following sections the main features and possible causes of the organization are discussed in more detail.
Diagnostics of cloud organization
Time series, profiles and Hovmöller diagrams
The RICO simulations are a representation of trade wind cumulus clouds as they develop in sub-tropical regions dominated by large-scale subsidence. After a short spin-up of 2 h simulation time, the cloud cover reaches about 15 % with a corresponding domain-averaged cloud liquid water path of 10 gm −2 (see Fig. 2 ). In the standard setup the cloud layer grows slowly with time reaching 20 % cloud cover and a domain averaged liquid water path of 30 gm −2 after 40 h. Precipitation in the standard case is marginal in the first 20 h and increases slowly thereafter. The two simulations of the moist RICO case show a more rapid increase in cloud cover and cloud liquid water path, especially between 10 h and 16 h of the simulations. The domain averaged cloud liquid water path reaches peak values of about 60 gm −2 during that time. Precipitation starts much earlier than in the standard RICO case and increases strongly in the first 20 h reaching values of 50-100 Wm −2 or 2-3 mmd −1 . An interesting feature of the simulations of the moist case is the significant decrease in cloud cover and LWP after 14 h for the large domain (17 h on the smaller domain), reaching a quasi-stationary state after 24 h. An inspection of the evolution of the cloud fields (e.g. the albedo movie) reveals that around 14 h one big cloud cluster develops in the domain and later this cluster breaks up into smaller lines and arcs. In this sense the first 20 h of the simulation can be seen as an extended spin-up period which is necessary for the formation of the fully developed mesoscale cloud structures. This behavior is similar on the smaller domain, but this simulation can later support only one single line of clouds. Hence, the time series of LWP and rain rate do still show strong temporal variability for the 
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A. Seifert and T. Heus: Large-eddy simulation of organized trade wind cumulus clouds nificant decrease in cloud cover and LWP after 14 h for the large domain (17 h on the smaller domain), reaching a quasistationary state after 24 h. An inspection of the evolution of the cloud fields (e.g. the albedo movie) reveals that around 14 h one big cloud cluster develops in the domain and later this cluster breaks up into smaller lines and arcs. In this sense the first 20 h of the simulation can be seen as an extended spin-up period which is necessary for the formation of the fully developed mesoscale cloud structures. This behavior is similar on the smaller domain, but this simulation can later support only one single line of clouds. Hence, the time series of LWP and rain rate do still show strong temporal variability for the smaller domain. Both the decrease in cloud cover and LWP, as well as the strong intermittency of the LWP on the smaller domain, suggest that these simulations develop cloud structures which are as large as the domain size. In this sense the time series do give a hint towards mesoscale organization which develops in the moist RICO case. The mean profiles of our simulations as shown in Fig. 3 are, at first glance, very similar to Fig. 1 of SS08. A significant difference is that the mean cloud water mixing ratio in the moist case is actually similar or even lower than in the drier standard case. This makes it somewhat paradoxical that the moist case does in fact rain by a factor of ten more than the standard case. By looking at the mean profiles of cloud fraction, relative humidity, and cloud liquid water, which are all lower in the moist compared to the standard case, one would not expect that the moist case rains so much more readily. The resolution of the apparent paradox lies in the spatial variability, i.e. in the mesoscale organization. Some signal of this can be seen in the variance of total water, which is significantly higher in the moist case.
A simple and efficient approach to study the formation and propagation of organized convective systems are Hovmöller plots (e.g. . Figure 4 shows Hovmöller plots of the cloud liquid water path (CWP) averaged in northsouth direction. For the standard RICO case the Hovmöller diagram shows the formation and propagation of many individual convective cells. Over the course of simulation time, the size of the convective cells increases slowly. For the moist RICO case on the same domain of 25 km × 25 km, larger structures start to develop after about 13 h, and soon after that the pattern collapses into a single convective line which propagates westwards. For the benchmark simulation on the bigger domain the behavior is similar, with larger structures forming after 12 h, but the Hovmöller plot becomes more chaotic because the organization is more complex and not just a single line of cells. Nevertheless, the overall impression of a big westward-propagating system remains robust.
Given the increase in the rain rate with time and the growth of the cells visible in the Hovmöller diagram it seems likely that the standard RICO case would also transition to the organized regime at some point. Within the 40 h simulated here this does not happen, but at the end of the simulations the standard case does indeed show more clumpy cloud struc- tures, which are reminiscent of the early stages of organization in the moist case.
The Hovmöller diagrams are obviously a simple but strikingly powerful tool to detect organization or diagnose the propagation of convection systems, but their main disadvantages are that its character depends on one's choice of averaging direction and that the quantification of organization remains difficult.
Fourier analysis
From a fluid dynamics point of view, the emergence of organized cloud structures is a growth of small scale fluctuations to larger scales. Following de Roode et al. (2004) this can be analyzed by Fourier analysis, i.e. power or variance spectra of various quantities. By using a two-dimensional Fourier transform and averaging in spectral space this avoids any a priori choices about preferred directions. Here we focus for simplicity only on the variance spectrum of the total water, r t , at 1000 m height (Fig. 5a ). Comparing the r t variance spectra, S r t (k) with wave number k, of the standard and the moist RICO case shows that they are very similar at high wave numbers (small scales) but differ significantly for low wave numbers (large scales). The moist case has much more variance associated with large scale structures that arise from organized convection. As in de Roode et al. (2004) we define a spectral length scale r = 1/k r by Fig. 3 . Mean profiles of the standard GCSS RICO case (blue) and the moist RICO case (red) with the corresponding initial conditions (dashed) on the 25 km × 25 km domain. Profiles are averages over the entire domain from 24 h to 30 h of the simulation. Shown in upper panels from left to right are liquid water potential temperature and total water mixing ratio, and in the 2nd row relative humidity and cloud fraction. On lower panels from left to right are cloud liquid water mixing ratio, rain water flux and the variance of the total water mixing ratio. The rain water flux profile is conditionally averaged over the raining areas. Fig. 3 . Mean profiles of the standard GCSS RICO case (blue) and the moist RICO case (red) with the corresponding initial conditions (dashed) on the 25 km × 25 km domain. Profiles are averages over the entire domain from 24 h to 30 h of the simulation. Shown in upper panels from left to right are liquid water potential temperature and total water mixing ratio, and in the 2nd row relative humidity and cloud fraction. On lower panels from left to right are cloud liquid water mixing ratio, rain water flux and the variance of the total water mixing ratio. The rain water flux profile is conditionally averaged over the raining areas. Fig. 3 . Mean profiles of the standard GCSS RICO case (blue) and the moist RICO case (red) with the corresponding initial conditions (dashed) on the 25 km × 25 km domain. Profiles are averages over the entire domain from 24 h to 30 h of the simulation. Shown in upper panels from left to right are liquid water potential temperature and total water mixing ratio, and in the 2nd row relative humidity and cloud fraction. On lower panels from left to right are cloud liquid water mixing ratio, rain water flux and the variance of the total water mixing ratio. The rain water flux profile is conditionally averaged over the raining areas.
in other words, 2/3 of the variance resides at scales smaller than r (here k is the Nyquist wave number). Figure 5b shows the time series of the spectral length scale and reveals that the moist case does indeed show a transition to larger scale structures after about 15 h, with the transition being completed after 20 h. This matches well with the visual impression from the corresponding Hovmöller diagrams (Fig. 4b) . The standard RICO case shows no significant growth of scale in this diagnostic.
Cluster analysis
With Hovmöller diagrams or the Fourier analysis it is possible to quantify the clustering of clouds and the growth of larger structures, but those methods are still inappropriate to quantify the mode of organization of cumulus cloud and Seifert, 2013, in preparation) . The details of the tracking algorithm are not important for the results of the cluster analysis presented here. All cloud fields of our RICO simulations show either random or clustered organization, i.e. we did not find any evidence for regular cloud fields. The standard RICO case is very close to random, i.e. small positive and Seifert, 2013, in preparation) . The details of the tracking algorithm are not important for the results of the cluster analysis presented here. All cloud fields of our RICO simulations show either random or clustered organization, i.e. we did not find any evidence for regular cloud fields. The standard RICO case is very close to random, i.e. small positive fields, i.e. whether the cloud fields show some regular, random or clustered structure. A method to discriminate among these modes of organization is based on the nearest neighbor cumulative distribution function (NNCDF) as described by Weger et al. (1992) and applied, e.g. by Nair et al. (1998) . NNCDF deviation, with a tendency towards clustering as the simulation progresses (Fig. 6a) . As expected the moist RICO simulation shows a much stronger clustering, but the transition is less sharp in the integral NNCDF metric than, e.g. in the corresponding timeseries of the spectral length scale. After t = 25 h the clustering does not increase further which is consistent with the previous diagnostics and the fact that the cloud field does not collapse into a single convective core but retains a spatially extended line of shallow convection cells. The cloud identification and tracking provides another useful diagnostic in terms of the number of individual clouds in the domain, i.e. the cloud number density (Fig. 6b) . For the standard case the number of clouds increases in the first 10 h of the simulation followed by a slow quasi-linear decay. In contrast, the moist case shows a rapid depletion of clouds at t = 15 h, i.e. during the transition to the strongly organized cloud field.
Analysis of cloud organization
Perturbed physics LES experiments
Using diagnostics alone it is difficult to disentangle which physical process leads to the formation of organized cloud structures. Therefore perturbed physics simulation experiments can be helpful to isolate which feedback triggers the transition from a random to an organized cloud field. as well as Muller and Held (2012) have used perturbed physics experiments to investigate selfaggregation in radiative-convective equilibrium simulations of deep convection. They found that the surface flux feedback and radiative feedbacks, especially longwave radiative cooling from low clouds, are responsible for aggregation of clouds in radiative-convective equilibrium simulations. The RICO simulations do not include interactive radiation, but only a prescribed cooling rate. As we assume a fixed SST, the surface flux feedback could contribute to the formation of mesoscale structures. Table 1 summarizes the perturbed physics experiments which we have performed and provides some basics statistics (similar to Tables 2 and 3 of SS08). In addition, Table 1 includes an assessment of the mode of organization, i.e. whether the cloud field remains random (no organization) or shows a clear transition to clustering. These yes/no results are based on an overall evaluation using the techniques presented in the previous section. All perturbed physics experiments have been performed on a 1024 × 1024 grid, i.e. a 25 km × 25 km domain, with an isotropic grid spacing of 25 m and were run for 30 h simulation time.
The first perturbed physics experiment, M02, tests whether a homogenization of the surface fluxes can suppress the organization. We find that the surface flux feedback has only a minor impact on the simulation (increase in RWP and rain rate) and no clear effect on the organization. This is to some extent surprising as the surface fluxes are very important for the properties of the trade wind cumulus cloud layer. A potentially important feedback is the pre-conditioning or moistening of the cloud layer by the shallow convective clouds, i.e. the clouds make the environment more favorable for subsequent development of new clouds. For this feedback we can only test indirectly by asking whether the moist RICO case also organizes when precipitation is inhibited, if pre- solutions for perfectly regular or random fields. Here we use a metric similar to Weger et al. (1992) , i.e. we calculate the integral distance or deviation to the nearest neighbor cumulative distribution function of a random field. A positive deviation corresponds to clustering and a negative deviation would indicate a regular cloud field (as one would find if the cloud formed on a regular grid). For the identification and tracking we use an algorithm based on CWP and cloud cores (Heus and Seifert, 2013, in preparation) . The details of the tracking algorithm are not important for the results of the cluster analysis presented here. All cloud fields of our RICO simulations show either random or clustered organization, i.e. we did not find any evidence for regular cloud fields. The standard RICO case is very close to random, i.e. small positive NNCDF deviation, with a tendency towards clustering as the simulation progresses (Fig. 6a) . As expected the moist RICO simulation shows a much stronger clustering, but the transition is less sharp in the integral NNCDF metric than, e.g. in the corresponding time series of the spectral length scale. After t = 25 h the clustering does not increase further, which is consistent with the previous diagnostics and the fact that the cloud field does not collapse into a single convective core but retains a spatially extended line of shallow convection cells.
The cloud identification and tracking provides another useful diagnostic in terms of the number of individual clouds in the domain, i.e. the cloud number density (Fig. 6b) . For the standard case, the number of clouds increases in the first 10 h of the simulation followed by a slow quasi-linear decay. In contrast, the moist case shows a rapid depletion of clouds at t = 15 h, i.e. during the transition to the strongly organized cloud field.
Analysis of cloud organization
Perturbed physics LES experiments
The first perturbed physics experiment, M02, tests whether a homogenization of the surface fluxes can suppress the organization. We find that the surface flux feedback has only a minor impact on the simulation (increase in RWP and rain rate) and no clear effect on the organization. This is to some extent surprising, as the surface fluxes are very important for the properties of the trade wind cumulus cloud layer. A potentially important feedback is the pre-conditioning or moistening of the cloud layer by the shallow convective clouds, i.e. the clouds make the environment more favorable for subsequent development of new clouds. For this feedback we can only test indirectly by asking whether the moist RICO case also organizes when precipitation is inhibited, if preconditioning would be the decisive feedback then rain should not be necessary for the mesoscale organization. Simulation M03 without rain formation shows a much higher CWP and a higher cloud cover than M01 or R01, but the cloud field remains randomly organized and the cloud structures are very similar to the standard control simulation R01. This suggests that rain is a crucial ingredient for the organization of trade wind cumulus clouds. By turning off evaporation of rain simulation, M04 tests whether cloud organization is associated with rain because of evaporation. Indeed, M04 shows no sign of organization. Three further simulations have been carried out to investigate this in more detail, i.e. whether the cooling/moistening of the sub-cloud layer or a pre-conditioning (moistening) of the cloud layer or the cloud base region is controlling the clustering, hence, evaporation of rain is turned off in some part of the column. These simulations confirm that the evaporation of rain in the sub-cloud layer is most important. The last question which remains is whether the cooling or the moistening of the sub-cloud layer is triggering the organization. Both would be possible, because a moistening of the sub-cloud layer lowers the lifting condensation level (LCL) and can therefore provide a feedback for the formation of new clouds in the wake of precipitating cumuli. In simulation M08 we have turned off the evaporative cooling by rain in the whole column, i.e. keeping only the moistening due to rain. This simulation does indeed show some evidence for clustering, but the other properties of the cloud layer, e.g. CWP and cloud cover, are very different from the control simulation M01. If we turn off the evaporative cooling only in the subcloud layer below z < 450 m, the clouds do not organize into clusters. In contrast, the simulation M10 with the evaporative moistening of the sub-cloud layer turned off, does organize and also all other properties of the cloud field of M10 are similar to the moist control run M01. This suggests that the clustering in simulation M08 is an artifact of the perturbed energetics of this specific simulation which then seems to be able to organize through the precipitation-moistening feedback. Therefore we conclude that, in the regimes characterized by large-scale conditions similar to the forcing assumed for the RICO simulations, the formation of cold pools by evaporation of rain in the sub-cloud layer is indeed the dominant feedback for the organization of precipitating trade wind cumulus.
Anatomy of trade wind cumulus cold pools
In our simulations the cold pools are usually shallow, i.e. the temperature perturbation does not extend through the whole sub-cloud layer. Nevertheless, a vertical average over the sub-cloud layer provides a useful diagnostic to discuss the structure and evolution of the simulated cold pools. Figure 7 shows the deviation of vertically averaged sub-cloud layer temperature and moisture from the horizontal mean. In addition, the clouds are indicated by contours of CWP. Larger cold pools have a pronounced dry core of low θ e air and a ring of moist air at the cold pool boundary. Weaker cold pools originating from smaller cells often do not have a significant dry core and are, in the later stage of their evolution, best characterized as arcs of moist and cold air. Temperature anomalies are below 1 K and horizontal sizes extend to 20 km for large cold pools. It is, of course, possible that even larger cold pools would form on a bigger simulation domain.
Most cold pools start their life cycle as a moist cold anomaly when the first precipitation of a convective cell develops, subsequently a downdraft brings down low θ e air and the spreading cold pool forms a ring of cold moist air with a dry core in the center. In the moist RICO case low θ e air as cold as 334 K reaches the surface which corresponds to air from about 800 m height or above. The ring of moist air can be attributed to both the evaporation of rain and the (moisture) convergence due to the rapidly propagating density current.
New convective cells form at the spreading cold pool boundary where the ring of cold moist air lowers the lifting condensation level (LCL). Whether clouds are mostly thermodynamically initiated, i.e. due to the lower LCL and the water vapor contribution to buoyancy, or triggered dynamically by lifting associated with the propagating density current is difficult to disentangle. The clouds at the cold pool boundary grow rapidly and form the visible mesoscale arcs which are oriented perpendicular to the main wind direction. The regeneration of the cold pool by surface fluxes leads to a moistening and warming of their core. Small cumulus clouds start to form in the regenerating cold pool area. With increasing cloud cover those small clouds organize in cloud streets oriented along the main wind direction (cf. Figs. 1 and  7) .
The structure and life cycle of the cold pools in our simulations is strikingly similar to the cold pools simulated and analyzed by Tompkins (2001) for radiative-convective equilibrium simulations of deep convection. The qualitative behavior of the formation of cold pools in precipitating trade wind cumulus has also been described earlier by Xue et al. (2008) based on their LES using a much coarser grid and a smaller domain. Their simulations probably just lacked a sufficient domain size to develop the mesoscale organization. Our findings are also consistent with the observational studies of trade wind cumulus cold pools and mesoscale arcs by Zuidema et al. (2012) and Warner et al. (1979) .
Sub-cloud layer coupling
A remarkable property of the simulated trade wind cumulus cloud fields is that the clouds correlate very well with the sub-cloud layer moisture, i.e. clouds usually occur over the moister patches of the sub-cloud layer and even prefer colder rather than warmer areas. This is quantified for our simulations in Fig. 8 where we have conditioned the histograms of the sub-cloud layer anomalies of temperature and moisture on the occurrence of clouds. This behavior is consistent with the analysis of observations during GATE by Nicholls and LeMone (1980) who also found that convective elements in the sub-cloud layer are cooler and wetter than the mean. The correlation between water vapor and clouds still holds for the organized cloud fields which are driven by the cold pool dynamics. This can qualitatively be seen from Fig. 7 , from the corresponding movies which are provided as online supplement, and is also confirmed more quantitatively by the statistics provided in Fig. 8 . Compared to the randomly organized standard case (Fig. 8a) , the clouds in the moist case do prefer the warmer patches (Fig. 8c) , because the cold anomalies are occupied by the cold pool areas, which are often drier than the mean (note also the different scales in Fig. 8a, c) . The clouds with high cloud base, i.e. the convective outflow, are most often advected over the cold pool, e.g. in the wake of mesoscale arcs. Nevertheless, the fact that the clouds form primarily over the moist patches, even in the organized cloud fields, further supports the interpretation that a main mechanism in the cold pool dynamics is that they lead to the formation of moist patches or rings in the sub-cloud layer. This does not rule out the fact that dynamical processes also play an important role in the triggering, especially of the deeper clouds as, e.g. shown by .
The statistics presented in Fig. 8 aims at revealing the influence of the sub-cloud layer on the formation of the clouds. In contrast to that, Fig. 9 shows the impact of the precipitation on the variability of temperature and moisture in the sub-cloud layer. For this analysis the rain rate is averaged over 15 min and the data is coarse-grained to a 1 km spatial resolution to better show the response of the sub-cloud layer to significant rain events. Of course, we find that precipitation does cool the sub-cloud layer due to evaporation of rain. This can be seen in Fig. 9a for the standard case and in Fig. 9c for the moist case. Note that in the moist case the magnitude of the temperature anomalies is much larger, and this is mostly caused by the more intense rainfall. The total PDF of the temperature anomalies (black lines in Fig. 9a, c) is almost Gaussian for the standard case, but negatively skewed for the moist case due to the formation of cold pools. For the standard case the rainfall leads to a weak moistening of the sub-cloud layer (Fig. 9b) , while the rain events in the moist case lead to a moistening of some parts of the sub-cloud layer and to a drying in other regions (as described in the previous section), thus increasing the variance of the moisture field. This coupling between precipitation and the variance of water vapor in the sub-cloud layer could be included in prognostic PDF-based cloud cover schemes, e.g. the Tompkins (2002) parameterization. Including this feedback in parameterizations might actually be key for the representation of cold pool-dominated shallow and deep convection.
Sensitivity of cloud organization
Grid spacing
Although most properties of non-precipitating cumulus clouds are rather robust to the specific choices of the largeeddy simulation (e.g. Siebesma et al., 2003) fields and a significant delay in the transition to the cold pool dominated organized regime (Fig. 10a ). This shows that high horizontal resolution is crucial for the large-eddy simulation of organized precipitating shallow convection.
Cloud droplet number
The rain formation in warm boundary layer clouds can exhibit a significant sensitivity to the number density of cloud condensation nuclei (CCN) or cloud droplets (e.g. SavicJovcic and Stevens, 2008; Xue et al., 2008; Stevens and Seifert, 2008) . For a stratocumulus cloud layer the precipitation can lead to a transition from closed to open cells, i.e. by their impact on the mode of organization aerosols may have a significant effect on the macroscopic properties of a stratocumulus layer (Savic-Jovcic and Stevens, 2008; Wang and Feingold, 2009; . Does the organization of trade wind cumulus cloud field by cold pool dynamics lead to a similar sensitivity to aerosol assumptions? This is investigated by simulations M14-M16 which assume higher cloud droplet number concentrations than the moist Fig. 8 . Histograms of the sub-cloud temperature and moisture anomalies, for all data and sub-sampled for cloudy columns with cloud base below and above 800 m, i.e., the colored lines indicate that part of the PDF which is cloudy with a certain cloud base. Simulation R01 and M01-big sampled over 20 h to 40 h. control run M01 which assumes N c = 70 cm −3 . The simulations with higher cloud droplet number have roughly twice the CWP and cloud cover of the control run M01. Rain water path and rain rate vary strongly with cloud droplet number, e.g. M14 with N c = 85 cm −3 has a much higher RWP and almost twice the rain rate than the control M01, for simulations M15 and M16 with higher N c both, RWP and rain rate, decrease, i.e. for the moist RICO case the RWP and rain rate show a non-monotonic dependency on N c . This nonmonotonic behavior can be explained by the fact that a higher cloud droplet number concentration delays and weakens the cloud organization through the cold pools dynamics, simply because it rains less. The increase in rain rate in simulation M14 compared to M01 is probably due to the transient behavior of the simulations, i.e. in the period of 24-30 h which is used for the statistics the simulation M14 is going through the transition to organization and this includes the formation of a large heavily raining cloud cluster (comparable to 15-20 h of M01). This delay in organization can be quantified using the NNCDF cluster analysis (Fig. 10b ) which confirms Fig. 9 . Histograms of the sub-cloud temperature and moisture anomalies, for all data and conditioned on precipitation rate. The precipitation rate R 1 is averaged over 15 min in time, and precipitation rate and anomalies are averaged spatially over 1 km × 1 km. Simulations R01 and M01-big sampled over 20 h to 40 h. Note that in contrast to Fig. 8 all conditional PDFs are normalized to 1. case for precipitating trade wind cumulus. The local rain rates and also the domain-averaged precipitation amounts can be quite sensitive to grid spacing, numerical methods and sub-grid closure assumptions (Matheou et al., 2011; Seifert et al., 2012) . It is therefore to be expected that the grid spacing also affects the organization of the cloud field. We have performed simulations with larger horizontal grid spacing of 50 m and 100 m, but keeping the vertical grid spacing at 25 m. The averaged LWP, CWP, RWP and precipitation rate as shown in Table 2 reveal a large impact of the grid spacing on the simulations. The NNCDF cluster analysis shows that a coarser horizontal mesh leads to more random cloud fields and a significant delay in the transition to the cold pooldominated organized regime (Fig. 10a) . This shows that high horizontal resolution is crucial for the large-eddy simulation of organized precipitating shallow convection.
The rain formation in warm boundary layer clouds can exhibit a significant sensitivity to the number density of cloud condensation nuclei (CCN) or cloud droplets (e.g. SavicJovcic and Xue et al., 2008; Stevens and Seifert, 2008) . For a stratocumulus cloud layer the precipitation can lead to a transition from closed to open cells, i.e. by their impact on the mode of organization aerosols may have a significant effect on the macroscopic properties of a stratocumulus layer (Savic-Jovcic and Stevens, 2008; Wang and Feingold, 2009; -What is the role of low level wind shear in the organization of shallow convection? Can RKW theory (Rotunno et al., 1988) be applied to explain the formation, propagation and structure of mesoscale arcs in shallow convection?
-Why does shallow convection not self-aggregate into a single cluster like deep convection in radiative convective equilibrium?
-Can aerosol properties significantly affect the cloud cover in the trades by changing the mode of organization of trade wind cumulus cloud fields?
We hope that our simulations can provide the basis for investigations to clarify these questions in the future. dynamics lead to a similar sensitivity to aerosol assumptions? This is investigated by simulations M14-M16, which assume higher cloud droplet number concentrations than the moist control run M01, which assumes N c = 70 cm −3 . The simulations with higher cloud droplet number have roughly twice the CWP and cloud cover of the control run M01. Rain water path and rain rate vary strongly with cloud droplet number, e.g. M14 with N c = 85 cm −3 has a much higher RWP and almost twice the rain rate as the control M01; for simulations M15 and M16 with higher N c both, RWP and rain rate decrease, i.e. for the moist RICO case the RWP and rain rate show a non-monotonic dependency on N c . This nonmonotonic behavior can be explained by the fact that a higher cloud droplet number concentration delays and weakens the cloud organization through the cold pools dynamics, simply because it rains less. The increase in rain rate in simulation M14 compared to M01 is probably due to the transient behavior of the simulations, i.e. in the period of 24-30 h which is used for the statistics the simulation M14 is going through the transition to organization and this includes the formation of a large heavily raining cloud cluster (comparable to 15-20 h of M01). This delay in organization can be quantified using the NNCDF cluster analysis (Fig. 10b) which confirms the strong impact of the cloud microphysical assumptions on the evolution of the cloud field. The simulation M16 shows a weak tendency towards clustering, but the NNCDF metric as well as RWP and rain rate are much more similar to the standard RICO simulation R01 than to the other moist cases. This suggests that the clustering is, by the formation of cold pools, indeed mostly controlled by the local rain rate and this makes the onset of organization susceptible to perturbations in the microphysical assumptions, e.g. CCN or cloud droplet concentrations.
Conclusions
We have presented large-eddy simulations of organized precipitating shallow convection which reproduce many typical features observed for precipitating trade wind cumulus cloud fields, e.g, the along-wind cloud streets consisting of smaller non-precipitating clouds and the across-wind mesoscale arcs of precipitating shallow convection and their corresponding cold pools. This demonstrates that, given high enough resolution and a large enough domain size, fairly standard LES models are in fact able to simulate this important cloud regime, i.e. the lack of such simulations in the literature pointed out by Zuidema et al. (2012) is mostly due to computational constraints. In fact, Xue et al. (2008) describe many features of organized precipitating shallow convection based on their simulations which probably just lacked the sufficient domain size for mesoscale organization.
Perturbed physics experiments support the hypothesis that the formation of cold pools by evaporation of rain in the subcloud layer is the dominant feedback which leads to the formation of cloud clusters and mesoscale arcs. Consistent with the analysis of Tompkins (2001) for tropical deep convection, we find that the formation of moist patches in the sub-cloud layer, e.g. as moist rings surrounding the cold pool boundaries, plays an important role in the clustering process.
Our simulations show clearly that the observed cloud structures, including the mesoscale arcs, can be explained by the self-organization of precipitating trade wind cumulus clouds. This suggests that such highly organized structures can emerge even in cases when the surface conditions (SST) and large-scale forcing are perfectly homogeneous. It does of course not rule out that heterogeneities in SST or in the largescale forcing may play a role in modulating the cloud fields in nature. It is in contrast most likely that the observed cloud fields emerge from a combination of all these ingredients.
The capability to do such large-domain large-eddy simulations as we have presented is just emerging and even our simulations would still benefit from higher resolution and larger domain size. The latter would be important to quantify the recovery time of the cold pools and the question whether this process introduces its own length scale, i.e, whether there is a typical length scale for the distance between two mesoscale arcs which is inherent in the dynamics and microphysics of the problem, or whether this distance is mostly determined by the large scale forcing. There are many other aspects of the mesoscale structure that merit further study, such as the role of gravity waves and mesoscale circulations. The resolution issue inherent in our simulations is mostly related to the microphysics of rain formation and the lack of convergence at 25 m grid spacing suggests that the internal variability of the clouds at scales of a few tens of meters could be important for the efficiency of the warm rain process, either by variability or due to recirculation of droplets.
It is important to recognize that the organized trade wind cumulus regime is different from open cell stratocumulus, e.g. the cold pools in trade wind cumulus do often have a pronounced dry core, i.e. low θ e , while the cloud free areas in open cell stratocumulus are moist and have high θ e (SavicJovcic and Zuidema et al., 2012) . In this sense organized precipitating trade wind cumulus convection behaves more similar to tropical deep convection and much of our analysis bears many similarities to previous work on radiative-convective equilibrium of deep convection, e.g. by Tompkins (2001) .
The ability to simulate this cloud regime opens up new opportunities to answer many questions related to organized trade wind cumulus clouds and the associated cold pools, e.g.
-What is the relation between the cloud size, cloud depth and life cycle of a convective cell and the formation and properties of the cold pool it generates?
-What is the role of low level wind shear in the organization of shallow convection? Can RKW theory (Rotunno et al., 1988) be applied to explain the formation, propagation and structure of mesoscale arcs in shallow convection?
We hope that our simulations can provide the basis for investigations to clarify these questions in the future.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/13/ 5631/2013/acp-13-5631-2013-supplement.zip.
